cles that cluster in close proximity of the active zone. A subpopulation of vesicles in this cluster is tethered specifically to the plasma membrane at the active zone. These tethered vesicles have to mature to a fusioncompetent, primed state before an increase of the intra- 
codes the first highly conserved 181 residues of (residues 1-344 of RIM1, three isolates), and pPrey-RIM1(23-340) (residues 23-340 of RIM1 with a deletion ubMunc13-2 fused to LexA DNA binding domain ( Figure  2A ). We screened 90 million yeast transformants and of residues 177-180, one isolate). Apart from RIM1, no proteins with a putative or likely synaptic or active zone isolated and sequenced a total of 80 positive prey clones. The sequenced clones contained a group of 11 function were identified in our yeast two-hybrid screens. Semiquantitative ␤-galactosidase assays demonpartially overlapping prey vectors encoding the N-terminal Rab3 binding zinc finger region of the active zone strated that the interaction is highly specific for the ubMunc13-2 N terminus, as pPrey-RIM1(1-344) interacted protein RIM1 ( Figure 2B ): pPrey-RIM1(11-389) (residues 11-389 of RIM1, seven isolates), pPrey-RIM1(1-344) strongly with pLexN-ubMunc13-2(1-181) but not with For the following reasons, we concentrated in all following analyses on Munc13-1 whenever native Munc13 proThese data demonstrate that RIM1 binding is a common feature of the conserved N termini of Munc13-1 and teins were involved: (1) Munc13-1 is by far the most abundant Munc13 isoform in brain, its expression levels ubMunc13-2 and is not caused by a C 2 domain-specific structural motif (Figures 2C and 2D) .
exceed that of ubMunc13-2 by at least one order of magnitude (data not shown), (2) Munc13-1 is the bestTo verify the yeast two-hybrid data with independent biochemical methods, we performed cosedimentation characterized Munc13 isoform for which the best detection tools are available (Brose et Figure 3A (right), GST-RIM1(1-344) interacted strongly with Munc13-1, while GST alone did not. In a third set of experiments, we used a polyclonal antiserum to Munc13-1 in immunoprecipitation assays. Figure 3D shows that RIM1 coprecipitated with Munc13-1 in these experiments. Coprecipitation was specific because it was not observed in immunoprecipitates obtained with the corresponding preimmune serum. Together with RIM1, the core complex components Syntaxin, SNAP25, and VAMP/Synaptobrevin II coprecipitated with Munc13-1 in these experiments, while Rab3A did not (data not shown; see Betz et al., 1997, for corresponding data from Munc13-1 immunoprecipitations with the same antibody that was used here). Taken together, our data demonstrate on the basis of three independent approaches (yeast two-hybrid, cosedimentation, and immunoprecipitation assays) that Munc13-1 and RIM1 interact physically. This conclusion is strongly supported by the fact that, in RIM1 deletion mutant mice, Munc13-1 levels in brain are reduced (T. C. Sü dhof, personal communication), which indicates that the half-life of Munc13-1 is reduced in the absence of its interaction partner RIM1. Figure 1B; Eustance Kohn et al., 2000) . One of these (Figure 7) . Similarly, transgenic rescue of C. elegans (LR) contains an N terminus that is highly homologous unc-13 null alleles using a cosmid that is only able to to that of Munc13-1, while the other variant has a shorter, replace the RIM binding-deficient UNC-13MR is incomcompletely unrelated N-terminal sequence ( Figure 1B) . plete, as determined on the basis of behavioral parameWe now show that a similar splicing event at a similar ters, while rescue with a cosmid that also replaces the site occurs in Munc13-2 transcripts, generating a ubiqui-RIM binding UNC-13LR form is much more effective tously expressed variant, ubMunc13-2, with an N-termi-(Eustance Kohn et al., 2000). nal sequence that is similar to that of UNC-13LR and Munc13-1, and a brain-specific variant, bMunc13-2, with Munc13-1/RIM1 Interaction: Functional a completely unrelated N terminus (Figures 1A-1C) .
Munc13-1 and
Consequences and Their Taken together, these data suggest that UNC-13-like Molecular Mechanism proteins are built from two functional modules that have Two striking characteristics of neurotransmitter release evolved differentially: (1) a C-terminal part, correspondat the synapse are its spatial restriction to active zones ing to the R region in UNC-13, that is highly conserved and its efficiency even at very high action potential frethrough evolution and present in all bona fide members quencies. These characteristics suggest that vesicle of the UNC-13 family; and (2) an N-terminal part that is trafficking steps at the active zone are occurring in a only conserved in certain isoforms or splice variants, spatially and temporally coordinated manner. In order while other isoforms or splice variants have completely to guarantee such spatial and temporal coordination, divergent N termini that represent later evolutionary acthe main active zone processes of vesicle tethering, quisitions.
priming, and fusion are likely to be coupled at the molecThe differentially evolved Munc13 modules have disular level. The most efficient way to achieve molecular tinct functional roles in Munc13-1. The generally concoupling between active zone-specific reactions would served C-terminal R region, which contains the interacbe a direct interaction of proteins that mediate consecution sites for most putative UNC-13/Munc13 effectors tive steps in active zone function. The present data demonstrate that the Munc13-1/RIM knockout phenotype upon overexpression (Figure 7) . interaction is essential for a step in the synaptic vesicle The view that the N-terminal RIM binding L region of cycle that precedes vesicle fusion. Similar to total loss Munc13-1 conveys a synapse-specific function is supof Munc13-1, disruption of this interaction in wild-type ported by studies in C. elegans. Here, the UNC-13LR hippocampal neurons leads to a drastically reduced form, which is entirely homologous to Munc13-1 and primed and readily releasable vesicle pool, which in turn contains both a putative RIM binding domain in its L causes a strong reduction in evoked release. Regulation region as well as the highly conserved R region that of the size of the readily releasable vesicle pool by the harbors the priming activity, is mainly localized to the Munc13-1/RIM1 interaction may be mediated by at least presynapse. In contrast, the UNC-13MR form exhibits three different mechanisms, all of which are in accord a more diffuse distribution. However, UNC-13MR is also with the present data, in that they predict that disruption present in synapses, suggesting the existence of multiof the Munc13-1/RIM1 interaction would severely affect ple synaptic targeting sequences in UNC-13 proteins vesicle priming, leading to a reduction of the readily (Eustance Kohn et al., 2000) . An additional parallel bereleasable vesicle pool. tween the present study and data from C. elegans is First, RIM may simply serve to target Munc13-1 to the apparent with respect to the rescue ability of different UNC-13/Munc13-1 constructs in the unc-13/Munc13-1 presynapse. Disruption of the interaction would lead to reduced presynaptic concentrations of Munc13-1 and functions of RIM are mediated via Munc13-1 as the main compromised vesicle priming. For a number of reasons, "output" molecule with core complex formation and vesthis scenario is unlikely. In our overexpression studies, icle priming as the target processes. Our data suggest we found no evidence of striking differences between that RIM1 signaling to Munc13-1 is positive because full-length Munc13-1(1-1736)EGFP, the RIM bindingdisruption of the interaction leads to a loss-of-function deficient Munc13-1(520-1736)EGFP, and the primingphenotype (Figure 7) . Indeed, RIM1 binding to Munc13-1 deficient Munc13-1(1-451)EGFP with respect to synapmay serve as a switch to activate the priming apparatus tic targeting (data not shown). This suggests that once an appropriate Rab3-bearing vesicle has arrived. Munc13-1 contains at least two different presynaptic targeting sequences, only one of which may be related
